Predation is a common cause of death in numerous organisms, and a host of antipredator defences have evolved. Such defences often have a genetic background as shown by significant heritability and microevolutionary responses towards weaker defences in the absence of predators. Flight initiation distance (FID) is the distance at which an individual animal takes flight when approached by a human, and hence, it reflects the life-history compromise between risk of predation and the benefits of foraging. Here, we analysed FID in 128 species of birds in relation to three measures of genetic variation, band sharing coefficient for minisatellites, observed heterozygosity and inbreeding coefficient for microsatellites in order to test whether FID was positively correlated with genetic variation. We found consistently shorter FID for a given body size in the presence of high band sharing coefficients, low heterozygosity and high inbreeding coefficients in phylogenetic analyses after controlling statistically for potentially confounding variables. These findings imply that antipredator behaviour is related to genetic variance. We predict that many threatened species with low genetic variability will show reduced antipredator behaviour and that subsequent predatorinduced reductions in abundance may contribute to unfavourable population trends for such species.
Introduction
Predation is a common cause of death in numerous organisms, and prey rely on appropriate escape decisions when confronted with predators to gain benefits of staying and avoiding a decrease in fitness due to flight and increased risk of predation (Ydenberg & Dill, 1986) . Flight initiation distance (FID, the distance at which a bird takes flight when approached by a human) represents a compromise between minimizing the threat of predators and maximizing foraging, and hence signifies the antipredator strategy of the species (Cooper & Blumstein, 2015) .
Several studies have demonstrated a genetic basis for antipredator behaviour (Arnold, 1982 (Arnold, , 1992 , and there is evidence of significant heritability of FID (Blumstein et al., 2010; Møller, 2014) . Domesticated species living in close proximity with humans (Clutton-Brock, 1992) , urban birds occupying cities for generations (Symonds et al., 2016) and many species on islands in the absence of predation (Cooper et al., 2014) have consistently lost antipredator responses. Thus, there is good reason to believe that there is considerable standing genetic variation in antipredator response among domesticated, but also wild animals and that changes in genetic variation may be associated with changes in behaviour. However, there is little published information on genetic variability and risk of predation.
Inbreeding depression is substantial enough to affect both individual and population performance (Keller & Waller, 2002) . Such reductions in genetic variability are predicted to decrease population mean fitness and population size (Frankham, 1996; Szulkin et al., 2010) . Inbred populations are threatened because they have little scope for microevolutionary responses to environmental change (Grueber et al., 2008; Keller et al., 2008) , and the fecundity and the viability of inbred individuals are often reduced compared to outbred individuals (DeRose & Roff, 1999) . Lower levels of genetic variability are associated with reduced hatching success across species, even where the choice of partners is less constrained and breeding may not occur among close relatives (Spottiswoode & Møller, 2004) . Both natterjack toads Bufo calamita and willow ptarmigan Lagopus lagopus with reduced genetic variability suffered from increased risk of predation (Rørvik et al., 1999a, b; Rowe & Beebee, 2005) . Bird species with less genetic variation as reflected by higher band sharing coefficients for minisatellites suffered disproportionately from predation by two species of hawks, the sparrowhawk Accipiter nisus and the goshawk A. gentilis (Møller & Nielsen, 2015) . Hence, there is intraspecific evidence showing that risk of predation increases with increasing level of genetic similarity. Genetic variation has also been suggested to be closely related to the evolution of antipredator behaviour. The proportion of individuals emitting fear screams in different species of birds increased with the degree of genetic similarity among adults in local populations (Møller & Nielsen, 2010) .
Extant populations show considerable genetic variation ranging from highly outbred to highly inbred (Nevo et al., 1984) . Some of this variation is caused by genetic bottlenecks or by changes in population size caused by recent persecution by humans. FID relates directly to life history, longer FIDs being associated with shorter levels of risk-taking and smaller risk or mortality due to predation (Møller et al., 2008b) . A long-term study based on 2196 records of FID for 1789 adult barn swallows Hirundo rustica showed that individuals that died from predation had shorter FID than survivors (Møller, 2014) . The objective of this study was to investigate the association between antipredator behaviour and genetic variability in birds. If genetic variance is explained by life-history traits and positively related to fitness, we should expect a positive correlation between genetic variance and FID. More specifically, we predicted that (i) FID should be positively related to observed microsatellite heterozygosity and negatively related to inbreeding coefficients for microsatellites and (ii) FID should be negatively related to band sharing coefficients for minisatellites in different species of birds. We used extensive data on genetic variance and FID from Europe to test these predictions.
Materials and methods

Collection of field data
Flight initiation distance data were collected in Orsay, France (48°42 0 N, 2°11 0 E), from 2005 to 2011 combined with additional data collected in Finland, Norway and Spain using a standard protocol (Blumstein, 2006) . In brief, the observer moved at a normal walking speed towards a foraging or resting individual bird and recording the distance at which the individual took flight or walked away as horizontal distance. The height above ground was also recorded if the individual was positioned in the vegetation. FID was estimated as the Euclidian distance and the other two sides were horizontal distance and the perching height, respectively. Observers avoided pseudoreplication by flushing birds in different locations and collecting data during the breeding season when most individuals are sedentary (Møller, 2008) . Here, we provided information derived from a restricted data set of 128 species with information on band sharing minisatellite markers and FID (3821 estimates of 52 species) and microsatellite markers and FID (5186 estimates of 111 species for observed heterozygosity and 5069 estimates of 105 species for the inbreeding coefficient F).
Band sharing coefficient for minisatellite markers
The band sharing coefficient is an estimate of the number of shared minisatellite bands in relation to the total number of bands among adults, originally proposed by Wetton et al. (1987) as a measure of genetic similarity. A high band sharing coefficient implies that many bands are shared among individuals and hence that genetic similarity in the population is relatively high. This estimate of band sharing has commonly been used as an index of genetic similarity among individuals within a species (Reeve et al., 1990; Hoelzel, 1992; Blomqvist et al., 2002) . Information on band sharing coefficients in the present study was derived from an extensive survey of the literature using the Web of Science, with all information being reported in Appendix S1. We used species-specific mean band sharing values calculated as the mean band sharing coefficient for all probes of a given study, with the mean subsequently being calculated for the means of the different studies. This approach is supported firstly by the significant repeatability (Becker, 1992 ) of band sharing coefficients among studies of the same species using the same probe, based on 25 studies of nine species (R = 0.55 (SE = 0.20), F 8,16 = 3.90, P = 0.0099). This result demonstrates that band sharing coefficient estimates are consistent between populations of the same species, even when molecular analyses are made in different laboratories with inherent differences in procedures and hence gel quality. Secondly, Papangelou et al. (1998) showed in a review of 129 published studies of 70 bird species that mean band sharing between dyads of unrelated individuals from populations or species defined as outbred on the basis of independent evidence was nearly 50% smaller than that for populations defined as small or inbred (these were, for example, rare species threatened by immediate extinction). In addition, mean band sharing between dyads of unrelated individuals in many small or inbred populations was similar to that for dyads of first-order relatives in outbred populations (Papangelou et al., 1998) . This implies that mean band sharing coefficients of populations reliably reflect the degree of genetic similarity within a species. The number of fingerprinting probes ranged from one to three per study (mainly 33.15, 33.36, per, M13 and others) . Repeatability of band sharing coefficients among probes in the same study, based on 47 studies of 20 species of birds, was large and highly significant (R = 0.86 (SE = 0.06), F 19,27 = 17.16, P < 0.0001), demonstrating that the use of multiple probes should not cause any significant bias. Finally, restriction enzymes did not cause bias because band sharing was highly repeatable across restriction enzymes (Møller, 2001) . Band sharing coefficients for 62 species of birds in the Western Palearctic were strongly negatively correlated with distribution range and population size (Møller et al., 2008a) , as expected for estimators of genetic variation, implying that analyses should control statistically for the potentially confounding effects of these variables.
Microsatellite markers
Microsatellites have been found in every organism investigated so far and have played a major role in modern population genetics studies for the past decades. Average heterozygosity of an individual measured from microsatellite data should more closely reflect inbreeding than using allozymes (Goldstein & Schl€ otterer, 1999) . We obtained information on observed heterozygosity (H o ) for microsatellites in birds by a search of Web of Science using the terms microsat*, micro-sat* and bird*. In total, we obtained 11 681 entries for 500 species of birds with information on number of individuals and H o , with all references being reported in Appendix S5. We used H o value at every given locus and calculated the mean H o for all alleles in a given study, with the mean subsequently being calculated for the means of the different studies weighted by sample size for estimating average H o . We tested for consistency in H o between populations of the same species from different laboratories and found the repeatability for H o to be 0.30 with a standard error of 0.02 (Becker, 1992 ; F = 1.75, d.f. = 315, 5398, P < 0.01). We also calculated the inbreeding coefficient (Wright, 1922) for 454 species with 10 437 entries. Inbreeding in an actual pedigree can be compared with any system of mating using F (Wright, 1922) . Repeatability of F among studies of the same species was 0.04 with a standard error of 0.02 (Becker 1992 ; F 315,5398 = 1.75, P < 0.01). The correlation between H o and F was intermediate with Pearson's r = À0.29, t = À3.04, P < 0.01.
Additional variables
Information on body mass was extracted from Dunning (1992) . We recorded current minimum and maximum breeding population sizes for all countries in Europe using Burfield et al. (2004) as a source. We used the mean of these two estimates for the analyses. Information on breeding range size was extracted from Møller et al. (2008a) . The entire data set is reported in Appendix S1.
Comparative analyses
We log 10 -transformed population density, body mass and population size to obtain variables that were normally distributed allowing for the use of parametric statistics. Closely related species are more likely to have similar phenotypes than species that are more distantly related due to shared evolutionary history. Previous studies of band sharing coefficients (Spottiswoode & Møller, 2004 ) and susceptibility to predation (Møller & Nielsen, 2006 , 2007 have shown evidence of a phylogenetic component to such variation. Therefore, a phylogenetic analysis was required to control for statistical dependence of data. We extracted the phylogenetic relationship for band sharing coefficient species and H o species from the phylogeny available online (Jetz et al., 2012 (Jetz et al., , 2014 and obtained both consensus phylogenies from 100 trees with Mesquite 3.04 (Maddison & Maddison, 2017) . To control for the phylogenetic relationship among species, we used phylogenetic generalized least-squares regression models as implemented in the R (R Core Team, 2017) statistical environment, using the libraries ape (Paradis et al., 2004) and nlme (Pinheiro et al., 2016) and the function gls with correlation equals consensus tree.
Models were weighted by sample size (the number of prey individuals) to account for the fact that sample sizes differed among taxa. Most statistical analyses assume that single observations provide equally precise information about the deterministic part of total process variation; that is, the standard deviation of the error term is constant over all values of the predictor variable (Sokal & Rohlf, 1995) . Garamszegi & Møller (2010 have shown that bias due to variation in sample size among observations is a major problem in comparative analyses and equally significant as the biases caused by treating species-specific estimates as statistically independent. If this assumption of similarity in sampling effort is violated, weighting each observation by sampling effort allows the use of all data, giving each datum a weight that reflects its degree of precision due to sampling effort (Draper & Smith, 1981; Sokal & Rohlf, 1995) . This procedure also allows both rare and common species to be included and hence avoids any bias in sampling due to rarity (Garamszegi & Møller, 2012) . Therefore, we weighted statistical models by sample size. Finally, we avoided over-representation of taxa with large sample size by using the square-transformed number of prey individuals as a weighting factor.
We used the leveraged residuals and genetic statistics to make illustrations. Leveraged residuals are calculated using the models of phylogenetic regression with and without the variable analysed. Leveraged residuals of the dependent variable stand for the part of FID that is explained by this variable.
We estimated effect sizes by using Cohen's (1988) guidelines for the magnitude of effects being small (Pearson's r = 0.10, explaining 1% of the variance), intermediate (r = 0.30, explaining 9% of the variance) or large (r = 0.50, explaining 25% of the variance).
Results
Minisatellite band sharing and FID
Mean FID ranged from 4.16 to 76.75 m with a mean of means of 17.59 m (SE = 1.98), N = 52 species. Band sharing coefficients ranged from 0.05 to 0.48 with a mean value of 0.21 (SE = 0.01), N = 52 species. FID decreased with increasing band sharing coefficients in a phylogenetic analysis across 52 species of birds with an effect size that was intermediate accounting for 9% of the variance (Fig. 1) . In a multivariate model that accounted for the effects of potentially confounding variables, there were additional effects of body mass and mean population size on FID, whereas the effect of total breeding area did not reach statistical significance (Table 1A) .
Microsatellite genetic variability, heterozygosity and FID
Mean FID ranged from 5.14 to 140.00 m with a mean of means of 28.47 m (SE = 2.45), N = 111 species. Microsatellite heterozygosity ranged from 0.21 to 0.94 with a mean value of 0.60 (SE = 0.01), N = 111 species. The correlation between band sharing coefficients and microsatellite heterozygosity was Pearson's r = À0.22, t = À1.30, P = 0.20.
Flight initiation distance increased with increasing heterozygosity in a phylogenetic analysis across species of birds with an effect size that was large and accounted for 25% of the variance (Fig. 2) . In a multivariate analysis that controlled statistically for potentially confounding variables, there was an additional partial effect of body mass, whereas population size and total breeding area did not account for a significant proportion of the variance (Table 1B) .
Microsatellite genetic variability inbreeding coefficient and FID
Mean FID ranged from 5.14 to 140.00 m with a mean value of 27.93 m (SE = 2.52), N = 105 species. Band sharing coefficient log FID leverage residuals 
Inbreeding coefficients ranged from À0.35 to 0.39 with a mean value of 0.06 (SE = 0.01), N = 105 species. The correlation between band sharing coefficients and inbreeding coefficients was Pearson's r = À0.16, t = À0.90, P = 0.38.
Flight initiation distance decreased with increasing heterozygosity in a phylogenetic analysis across species of birds with an effect size that was large and accounted for 25% of the variance (Fig. 3) . In a multivariate analysis that controlled statistically for potentially confounding variables, there was an additional partial effect of body mass, whereas population size and total breeding area did not account for a significant proportion of the variance (Table 1C) .
Discussion
The main finding of this study was that mean FID of different species of birds was correlated with band sharing coefficients of minisatellites and heterozygosity and inbreeding coefficients of microsatellites with higher levels of genetic variability being associated with longer FID. These findings were robust to differences in sampling effort and potentially confounding effects of variables such as breeding range, population size and body mass. Likewise, these effects were retained in phylogenetic analyses that accounted for similarity due to the potentially confounding effects of common phylogenetic descent.
We found consistent effects using different measures of genetic variability as reflected by band sharing coefficients for minisatellites and heterozygosity of microsatellites showing that the results were robust to the specific measures of genetic variability. Bird species differed in terms of sample size because rare species by definition are more difficult to observe, but also to sample for analyses of genetic variation. We took this potential cause of bias into account by weighting estimates of FID by sample size. Band sharing coefficients for minisatellites in different species of birds have previously been shown to be negatively correlated with population size and size of the breeding range (Møller et al., 2008a) . Furthermore, species abundance and range size are always positively related (Gaston & Blackburn, 1996) along with a complex interaction with body mass (Haskell et al., 2002) . However, these three variables did not confound our conclusions because the relationships between FID and genetic variability were statistically independent of body mass, population size and breeding range size.
One possible assumption of the functional hypotheses attempting to explain molecular genetic variation and the evolution of FID is that high genetic variability for a given species is a proxy of success and appropriate FID contributes to this success. Previous studies have shown that individuals/species with long FID have higher probability of escape from predators than species with short FID (Møller et al., 2008b; Carter et al., 2010) . Although only a few intraspecific studies have so far linked FID to genetic variability (e.g. Bize et al., 2012; Carrete et al., 2016) , here we have demonstrated based on observations of 52, 105 and 111 bird species, respectively, that genetic variation shown by both minisatellite and microsatellite markers is correlated with FID. This is consistent with the assumption that long FIDs have survival value when facing a potential predator (Møller et al., 2008b (Møller et al., , 2017 Møller, 2014) . Species with short FIDs faces more difficulties than species with long FID to reach large effective population size and a high level of genetic variance. Nevertheless, it would be interesting to test for effects of inbreeding on risk-taking behaviour and hence FID in an intraspecific study. We would expect relatively short FID in inbred compared to outbred individuals.
Antipredator behaviour has evolved in response to selection imposed by predators at the level of individual prey. In contrast, genetic variance constitutes an estimate of the variability in genetic variation among individuals within populations. Any trait that is related to effective population size may contribute to genetic variation (Nagylaki, 1998; Wakeley, 1998) . For example, mating system, differential mortality of the sexes and any other factor that contributes to variation among individuals to effective population size may affect the amount of standing genetic variation. Distribution range, population size, subspecies richness and mating system have all been shown to contribute to genetic variation in birds although these variables are not explicitly related to effective population size (Møller et al., 2008a) . However, we cannot exclude the possibility that socioecological factors other than those just listed may also contribute to effective population size. This is a considerable literature discussing such socioecological factors (e.g. Blumstein, 2002; Giraldeau et al., 2002; Sirot, 2006; Clucas & Marzluff, 2012; Dingemanse et al., 2010) . Although we are unaware of any studies showing a link between these factors and genetic variation, we urge further research to address this issue.
The best predictor of variation in free-living species is, in the first place, ecological strategy rather than demography (Romiguier et al., 2014) . Our studies suggest that genetic variance is related to FID. Complex spatial patterns of population trends are also generated by the interaction between FID and geographical location (D ıaz et al., 2015b) . This association suggests that the effect of life-history traits on genetic variance could be part of pace-of-life syndromes (Ricklefs & Wikelski, 2002) . Life-history traits of species and demographic dynamics have complex interplay and may contribute to genetic variance (Ellegren & Galtier, 2016) .
Many species analysed here have breeding ranges that exceed millions of square kilometres and populations exceeding millions of breeding pairs. The fact that some of these species still show little genetic variability implies that single or multiple bottlenecks must have reduced their populations in the past. There is a close link between heterozygosity and inbreeding coefficients, implying that taxa with low heterozygosity also have high inbreeding coefficients (Wright, 1922) . The relationship between inbreeding coefficients and FID has implications for captive breeding and for management of threatened species under free-living conditions. The most vulnerable individuals, populations and species are likely to be those with the shortest FID, and direct or indirect effects of predation may under such conditions have significant impacts on the development of population sizes. Although such effects may apply to viability, Spottiswoode & Møller (2004) showed a fourfold increase in infertility in bird species with the lowest levels of genetic variability. The reduction in genetic variability can be considered an Allee effect if fecundity, viability or population growth at low population densities contributes to further reductions (Courchamp et al., 1999; Stephens & Sutherland, 1999) . Although there is only overall weak evidence of demographic Allee effects across different study organisms (Gregory et al., 2010) , this does not preclude the possibility that Allee effects may play a role in the reduction in genetic variability under high predation pressure and hence fear responses to human proximity as reflected by long FID. Note that some of the studied species occupied urban habitats. The decreased FID could be an approved response to the conversion of environment related to human-related habitats (e.g. Fern andez-Juricic et al., 2001). A reduction in FID in urban habitats may be advantageous for commensal species if such reductions result in saving of energy (Ydenberg & Dill, 1986; Marzluff et al., 2001) .
Behavioural response to predation such as FID may also have implications for population trends outside the context of Allee effects (e.g. LaManna & Martin, 2016) and hence for future threat status of species with little genetic variance. Several studies have shown negative correlations between FID and population trends of bird species in Europe (Møller, 2008; D ıaz et al., 2015a) . Because short FID implies frequent disturbance by humans, individuals that are subject to frequent and increasing numbers of human approaches will experience a higher level of disturbance and an associated negative energy budget that has to be balanced either by emigration to areas with lower human population density (Carrete & Tella, 2010; Rebolo-Ifr an et al., 2015) or by increased rates of ingestion (Blumstein & Daniel, 2005) .
The findings that we have reported here have a number of implications for conservation. Cats and rats as the most commonly introduced predators on islands constitute significant threats to endemic species of prey (Jones et al., 2008; Medina et al., 2011) due to absent or weak antipredator defences (Greenway, 1967; Fuller, 2001 ). The severity of this impact of predators will be particularly costly for bird species with little genetic variation. If there are no further introductions of potential predators, there are no major risks for island faunas. However, mainland species with low levels of genetic variation are likely to be particularly vulnerable to further population declines caused by predation mainly through the indirect effects of predation on disturbance and altered activity budgets for potential prey. Finally, knowledge about FID in extant populations with a threat status as, for example, reflected by presence in the Red List of threatened species implies that human activity including that by farmers, naturalists and joggers can be managed to minimize or reduce the effects of disturbance for the species in question.
In conclusion, we have demonstrated significant positive associations between a behavioural measure of risk-taking behaviour by birds and various measures of the degree of genetic variability. Higher levels of genetic variability were consistently associated with longer FID, and this association has implications for the management of threatened species, design of nature reserves with public access and captive breeding.
